The disruption of the two thioredoxin genes in Saccharomyces cerevisiae leads to a complex phenotype, including the inability to use methionine sulfoxide as sulfur source, modified cell cycle parameters, reduced H 2 O 2 tolerance, and inability to use sulfate as sulfur source. Expression of one of the multiple Arabidopsis thaliana thioredoxins h in this mutant complements only some aspects of the phenotype, depending on the expressed thioredoxin: AtTRX2 or AtTRX3 induce methionine sulfoxide assimilation and restore a normal cell cycle. In addition AtTRX2 also confers growth on sulfate but no H 2 O 2 tolerance. In contrast, AtTRX3 does not confer growth on sulfate but induces H 2 O 2 tolerance. We have constructed hybrid proteins between these two thioredoxins and show that all information necessary for sulfate assimilation is present in the C-terminal part of AtTRX2, whereas some information needed for H 2 O 2 tolerance is located in the N-terminal part of AtTRX3. In addition, mutation of the atypical redox active site WCPPC to the classical site WCGPC restores some growth on sulfate. All these data suggest that the multiple Arabidopsis thioredoxins h originate from a totipotent ancestor with all the determinants necessary for interaction with the different thioredoxin target proteins. After duplications each member evolved by losing or masking some of the determinants.
The disruption of the two thioredoxin genes in Saccharomyces cerevisiae leads to a complex phenotype, including the inability to use methionine sulfoxide as sulfur source, modified cell cycle parameters, reduced H 2 O 2 tolerance, and inability to use sulfate as sulfur source. Expression of one of the multiple Arabidopsis thaliana thioredoxins h in this mutant complements only some aspects of the phenotype, depending on the expressed thioredoxin: AtTRX2 or AtTRX3 induce methionine sulfoxide assimilation and restore a normal cell cycle. In addition AtTRX2 also confers growth on sulfate but no H 2 O 2 tolerance. In contrast, AtTRX3 does not confer growth on sulfate but induces H 2 O 2 tolerance. We have constructed hybrid proteins between these two thioredoxins and show that all information necessary for sulfate assimilation is present in the C-terminal part of AtTRX2, whereas some information needed for H 2 O 2 tolerance is located in the N-terminal part of AtTRX3. In addition, mutation of the atypical redox active site WCPPC to the classical site WCGPC restores some growth on sulfate. All these data suggest that the multiple Arabidopsis thioredoxins h originate from a totipotent ancestor with all the determinants necessary for interaction with the different thioredoxin target proteins. After duplications each member evolved by losing or masking some of the determinants.
Thioredoxins are small ubiquitous proteins (12 kDa) that reduce disulfide bonds due to their redox active site with the conserved amino acid sequence WCGPC (1) . The structure of thioredoxins has been determined by x-ray crystallography and NMR from various organisms, including pro-and eukaryotes. All have a conserved succession of secondary structures ␤1, ␣1, ␤2, ␣2, ␤3, ␣3, ␤4, ␤5, and ␣4, forming a central core of strands of ␤ sheets surrounded by four ␣ helices. The redox active center is located between the ␤2 sheet and the ␣2 helix in a protruding motif. Higher plants present three thioredoxin types, all encoded by the nuclear genome. Thioredoxins f and m are chloroplastic proteins, whereas thioredoxins h are cytosolic. In Arabidopsis thaliana each type is represented by a small gene family. Five thioredoxins h have been detected in this plant, three of which have the unusual active site sequence WCPPC (2) .
The presence of multiple thioredoxins in the same compartment poses the problem of their functional redundancy or specificity (3, 4) . Saccharomyces cerevisiae possesses two genes encoding cytosolic thioredoxins with redundant functions: the single mutants have the same characteristics as the wild type, but the simultaneous disruption of the two genes, yTRX1 and yTRX2, leads to a complex set of phenotypic effects, including modifications of the cell cycle, inability to assimilate sulfate, perturbation in methionine sulfoxide reduction, and increased sensitivity to hydrogen peroxide (5) . The expression of each Arabidopsis thioredoxin h in the yeast double mutant leads to a normal cell cycle and the ability to reduce methionine sulfoxide, but only the expression of AtTRX2 allows the yeast mutant to grow in the absence of organic sulfur, whereas expression of AtTRX3 (or AtTRX4 to a lesser extend) induces a higher H 2 O 2 tolerance (6). This specificity of complementation suggests that structural domains of thioredoxins are responsible for interactions with several targets.
To locate the determinants of specificity, we have constructed hybrid proteins between AtTRX2 and AtTRX3 and tested their ability to complement the different phenotypes of the delta yTRX1 delta yTRX2 yeast mutant. In addition, whereas AtTRX2 presents a classical active site WCGPC, At-TRX3 has the unusual site WCPPC. It has been reported that the nature of the two amino acids between the two cysteines plays a major role in the redox potential of the active site of thioredoxins and related proteins (7). Thus we have tested the possible involvement of this unusual active site WCPPC in the functional specificity of AtTRX3.
EXPERIMENTAL PROCEDURES
Strains and Media-The yeast S. cerevisiae strain EMY63 used in this study was derived from a previous study (8) . EMY63 is the standard thioredoxin double mutant (MATa, trx1::TRP1, trx2::LEU2, ade2-1, ade3-100, trp1-1, leu2-3, lys2::HIS3, ura3-1, his3-11, can1-100). The strains of Escherichia coli used are DH5␣ for cloning and BL21(DE3) for production of recombinant proteins. Standard and minimum media were prepared as described by Sherman et al. (9) . The B medium is sulfate free and was made according to Cherest and Surdin-Kerjan (10), with addition of 0.3 mM adenine, 7 mM lysine, 1.3 mM histidine, and 0.1 mM methionine or methionine sulfoxide. YNB-R and YNB-RG are YNBDifco media with addition of adenine, lysine, and histidine at the same concentration as B medium, 0.1 mM methionine and 2% raffinose (YNB-R) or 1% raffinose and 2% galactose (YNB-RG). EMY63 cellsexpressing yeast yTRX1, A. thaliana AtTRX2, and AtTRX3 proteins were obtained from Mouaheb et al. (6) .
Mutagenesis of Thioredoxin Open Reading Frames-The mutated thioredoxins were obtained by site-directed mutagenesis by overlap extension using PCR 1 (11) , cloned into the pGEMT plasmid (Promega). The oligonucleotides used in this work are listed in Table I . Oligonu-* The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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cleotides Attrx3f 533, Attrx2f 335, Attrx3Mlu, and Attrx2Bam (Attrx2f 533, Attrx3f 335, Attrx2Mlu, and Attrx3Bam) were used to obtained the construct Attrx3/2 (Attrx2/3), which is a fusion of the 5Ј-side of AtTRX3 (AtTRX2) from the start codon to the excluded active center, and the 3Ј-side of AtTRX2 (AtTRX3), from the included active center to the stop codon. Attrx2/3 is the opposite hybrid.
To obtain thioredoxins mutated in their active site, we used oligonucleotides trx2GP 533, trx2GP 335, trx2PP 533, and trx2PP 335 for AtTRX2 and trx3GP 533, trx3GP 335, trx3PP 533, and trx3PP 335 for AtTRX3 designed to hybridize on the active center. Attrx3Mlu or Attrx3Nde, Attrx3Bam, Attrx2Mlu or Attrx2Nde, and Attrx2Bam were used to introduce MluI or NdeI, and BamHI restriction sequences at both extremities of constructs. PCR products were cloned in pGEM-T plasmid (Promega), subcloned in pET16b plasmid (Novagen) with NdeI and BamHI restriction sequences to produce proteins in E. coli, and in Ycp2, with MluI and BamHI restriction sequences for expression in yeast under GAL1 promoter control. The autonomously replicating sequence centromeric plasmid Ycp2 (12) contains the URA3 gene as a selectable marker and the GAL1 promoter for conditional expression of thioredoxin (6) .
Each construction was entirely sequenced, and PCR was carried out to check for correct transformation.
Plant Thioredoxin Expression and Immunoblot Analysis-To overproduce hybrid thioredoxins in E. coli, BL21(DE3) strains were cotransformed with pSBET (13) and pET16b containing constructs, grown in 100 ml of liquid B medium up to A 600 nm ϭ 0.5, when production was induced by addition of 0.4 mM isopropyl-1-thio-␤-D-galactopyranoside for 3 h at 37°C. Cells were then pelleted and stored at Ϫ80°C.
S. cerevisiae was transformed after a lithium chloride treatment as described by Ito et al. (14) . Thioredoxins were expressed in yeast as described by Mouaheb et al. (6) . The transformed cells were first grown in YNB-R medium and then in YNB-RG medium to induce the transcription of the thioredoxin gene under the control of the GAL1 promoter. Exponentially growing cells were pelleted and stored at Ϫ80°C.
Total protein extractions from yeast as well as from bacteria were performed using a hydraulic press (Carver, model 3968) as described by Verdoucq et al. (15) .
For immunodetection, about 1 g of total bacterial proteins and 60 g of total yeast proteins from each extract were used. The procedure was as described by Mouaheb et al. (6) . Antibodies were visualized with ECLϩ Western blotting detection reagents (Amersham Pharmacia Biotech). Anti-thioredoxin antibodies were produced as described by Mouaheb et al. (6) . Methionine Sulfoxide Assimilation, Cell Cycle Parameters, H 2 O 2 Tolerance Analysis, and Sulfate Assimilation-To test methionine sulfoxide assimilation, the transformed cells were grown on liquid B medium with methionine sulfoxide (0.1 mM) as sole sulfur source, and absorbance was measured at 600 nm. To test sulfate assimilation or H 2 O 2 tolerance, cells were first grown in YNB-RG medium to a density of about 10 7 cells per ml and then diluted in the same medium to four different A 600 nm ranging from 0.2 to 2 ϫ 10
Ϫ4
. 15 l of each dilution was plated on YNB-RG agar medium with or without 0.1 mM methionine.
FIG. 1.
Multiple sequence alignments of thioredoxins h. AtTRX1 ϭ CAA78462, AtTRX2 ϭ CAA847612, At-TRX3 ϭ CAA84611, AtTRX4 ϭ CAA84613, AtTRX5 ϭ CAA84610 from Arabidopsis thaliana; yTRX1 ϭ NP 013144 and yTRX2 ϭ NP 011725 from Saccharomyces cerevisiae; Chlamyh ϭ P80028 from C. reinhardtii. Identical residues are framed and similar residues are shaded. The secondary structures (helices ␣I to IV and sheets ␤I to V) and solvent accessibility per residue of C. reinhardtii thioredoxin h (17), averaged over the structural NMR ensemble, are indicated as calculated using PROCHECK-NMR (27) . The ␤ strand of the five-stranded sheet of thioredoxins was not systematically detected over the NMR ensemble due to some structural disorder. The darker the band associated to individual amino acids, the less accessible the residue. (6) for determination of the cell cycle parameters, except that the medium was YNB-RG.
Molecular Modeling-AtTRX2 and AtTRX3 were modeled using Swiss-PdbViewer v3.5 (16) with the closest structure to the average of the NMR ensemble (1tof.pdb; 17) as a template structure. Forty model structures of Chlamydomonas reinhardtii thioredoxin h containing a proline instead of a glycine in the redox active site (WCPPC instead of WCGPC) were obtained using version 4.0 of the MODELLER program (18) using the same template structure.
RESULTS
As shown in Fig. 1 the N-terminal parts of plant and yeast thioredoxins are very divergent, whereas the C-terminal parts show high similarities.
To localize the structural determinants responsible for the functional specificity of AtTRX2 and AtTRX3 in yeast, we first built hybrid proteins between AtTRX2 and AtTRX3 and then produced both proteins in E. coli to test the usefulness of the anti-AtTRX2 and anti-AtTRX3 sera for the detection of the hybrid proteins. The hybrid constructions were introduced into the shuttle vector Ycp2 and the yeast thioredoxin double mutant transformed with these vectors. The presence of the hybrid proteins and the effects on the four aspects of the phenotype were tested in the recombinant yeast. In a second set of experiments, we have estimated the possible role of the atypical active site WCPPC on the specificity of these thioredoxins by introducing G33P or P33G mutations in AtTRX2 and AtTRX3, respectively. A sketch of the different thioredoxin constructs is included in Fig. 2 . The amino acids are numbered according to their position in respect to E. coli sequence.
Detection of Hybrid Proteins in E. coli and SaccharomycesHybrid constructs were obtained by interchanging the N-side and the C-side of AtTRX2 and AtTRX3, taking the splitting point at the tryptophan Trp-31 of the conserved active site. Thus, Attrx2/3 is constituted by the N-side of AtTRX2, the active center of AtTRX3 and its C-side. Attrx3/2 is the complementary construct. The constructs were first cloned in the plasmid pET16b allowing overexpression in E. coli. Both hybrids are abundantly expressed in E. coli and are easily detected by staining. Attrx3/2 is detected mainly in the supernatant, whereas most Attrx2/3 is still present in the pellet (not shown). The serum raised against AtTRX3 detects Attrx2/3 and with a lower efficiency Attrx3/2. However, the serum raised against AtTRX2 revealed only Attrx3/2 (not shown).
Hybrid constructs were then cloned in the shuttle vector Ycp2 under the control of the promoter GAL1 and were introduced in the yeast double mutant ⌬trx1,⌬trx2. Immunoblot analyses against yeast total protein extracts were carried out using antibody raised against AtTRX3, to check for the presence of hybrid proteins in yeast. As shown in Fig. 3 , Attrx3/2 was detected by antibody raised against AtTRX2, whereas Attrx2/3 was undetected, suggesting that this hybrid protein is not synthesized or is unstable in yeast.
Yeast Phenotypes Conferred by the Hybrid Protein Expressions-Four phenotypic aspects were analyzed in the ⌬trx1,⌬trx2 double disrupted EMY63 yeast cells transformed by the hybrid constructs: methionine sulfoxide assimilation, cell cycle parameters, H 2 O 2 tolerance, and sulfate assimilation (5, 19) .
As shown previously (6) expression of each Arabidopsis thioredoxin h is able to restore a normal cell cycle in the presence of methionine and rapid growth on methionine sulfoxide as sole sulfur source. The hybrid construct Attrx2/3 was inefficient for both aspects. Therefore, considering the absence of detection by antibodies, we concluded that the hybrid Attrx2/3 protein was not produced at an adequate level or in a correct structural conformation in yeast to be active. Because of this, we focused on phenotypic aspects of the yeast thioredoxin mutant expressing the Attrx3/2 hybrid.
Yeasts expressing Attrx3/2 were capable of growing on methionine sulfoxide in the particular synthetic medium (B medium) that is completely devoid of other sulfur source. Double mutant cells transformed with the empty Ycp2 showed only residual growth on methionine sulfoxide, whereas cells expressing Attrx3/2 grew with a mean generation time equivalent to that of cells expressing yTRX1, AtTRX2, or AtTRX3 (Table  II) . The cell cycle of the thioredoxin double mutant yeast growing in the presence of methionine is abnormal, with a lengthened S phase and no G 1 phase (5). Cells expressing any of the A. thaliana thioredoxin h genes displayed a normal cell cycle (6) . The DNA content of the transformed yeast was then analyzed by flow cytometry, and the results are reported in Fig. 4 . The cell cycle of yeast mutant expressing Attrx3/2 was almost normal showing a clear G 1 phase. These results demonstrate that the hybrid protein Attrx3/2 is able to confer to the EMY63 mutant growth properties conferred by other thioredoxins h.
The mutant EMY63 was unable to grow on sulfate, whereas expression of AtTRX2 in the yeast mutant cells restored sulfate assimilation. Expression of AtTRX3 did not. Cells expressing Attrx3/2 were able to grow in the absence of organic sulfur (Fig.  5) showing that all information conferring sulfate assimilation is present in the C-terminal part of the molecule.
Another aspect of the yeast thioredoxin mutant phenotype is its increased sensitivity to oxidants such as H 2 O 2 . Indeed, the yeast thioredoxin mutant could not grow in the presence of H 2 O 2 at concentrations higher than 0.5 mM (not shown). To verify the capacity of transformed cells to tolerate hydrogen peroxide, the yeast cells were plated on media containing different concentrations of H 2 O 2 , ranging from 0.5 to 1.5 mM. As previously shown (6), expression of AtTRX3 allowed yeast cells to grow in the presence of 1 mM H 2 O 2 , whereas yeast expressing AtTRX2 had the same tolerance to H 2 O 2 as the mutant (0.5 mM). Cells expressing Attrx3/2 were able to tolerate concentration of H 2 O 2 of 0.7-0.8 mM, which is higher than that tolerated by cells expressing AtTRX2 (not shown). Therefore, this hybrid protein is associated with the preventive process of hydrogen peroxide damages suggesting that the N-terminal part of At-TRX3 contains some of the information necessary to induce H 2 O 2 tolerance, or alternatively, that the N-terminal part of AtTRX2 masks determinants already present in the C-terminal part of AtTRX2.
Model of C. reinhardtii Thioredoxin h with a WCPPC Active Site-
The 40 calculated models of C. reinhardtii thioredoxin h with a WCPPC active site indicate that a Pro residue can most probably occupy a single conformation that does not disrupt any of the fine geometry of the thioredoxin active site (17) . The Gly3 Pro mutation would simply expose the side chain of Pro to the solvent making the direct environment of the reactive cysteine 32 more hydrophobic while the active sulfur of the same Cys becomes more sterically hindered (Fig. 6) . The possibility of hydrogen bond formation between the solvent-exposed amide proton of the Gly in the redox site of WCGPC-type thioredoxins and their substrates also disappeared in WCPPCtype thioredoxins.
Construction of Thioredoxins with P33G and G33P Redox Active Site-A. thaliana thioredoxin AtTRX3 has an unusual active site sequence WCPPC. The presence of a proline instead of the usual glycine has an influence on the redox potential, as described by Chivers et al. (7), and may change the accessibility to the cysteines of the redox active site. This may play a role in the functional specificity of the cytoplasmic thioredoxins. This prompted us to test the ability of AtTRX2 or AtTRX3 variants with a mutated active site to complement the yeast thioredoxin mutant for the four phenotypic aspects described above. We chose to proceed in two steps, obtaining first variants of At-TRX2 and AtTRX3 with almost identical nucleotide sequences around the active site differing only by the two nucleotides of the proline (CCa) and glycine (GGa) codons. These variants will be useful in further studies and are used in this study to control the effect of changing some codon use. Two pairs of primers were designed encoding the protein sequences: primer 1, ASWCGPCR and primer 2, ASWCPPCR (Table I ). The use of primer 1 to modify AtTRX2 produced a variant named Attrx2GP, differing from AtTRX2 by two nucleotides but encoding exactly the same protein. The use of primer 2 to modify AtTRX3 produced the variant Attrx3PP with four nucleotide changes, encoding a T30S mutated protein. The desired P33G or G33P mutations were obtained in a second step by using primer 1 to modify AtTRX3 producing Attrx3GP and by using primer 2 to modify AtTRX2 producing Attrx2PP.
Yeast Phenotype Conferred by the Expression of G33P and P33G Mutant Thioredoxins-The four constructs were inserted into the Ycp2 plasmid then introduced into the yeast double thioredoxin mutant, and the phenotype was tested. We verified the expression and stability of the new proteins Attrx2GP, Attrx2PP, Attrx3GP, and Attrx3PP by immunoblot analysis (not shown). Each protein was detected by the appropriated antibody, but the quantities of mutated proteins present in yeast cells were lower than quantities of AtTRX2 or AtTRX3, probably because of an unfavorable codon usage.
Concerning the reduction of methionine sulfoxide and cell cycle parameters, the efficiency of AtTRX2 and AtTRX3 seemed unchanged. Indeed, the mean generation time of cells expressing Attrx2GP, Attrx2PP, Attrx3GP, or Attrx3PP growing on methionine sulfoxide medium was slightly longer than that of cells expressing AtTRX2 or AtTRX3 (Table III) . Cell cycles of yeast transformed with mutated thioredoxins were almost normal, showing a G 1 phase (Fig. 7) . The lower number of cells in G 1 compared with the cells transformed by plasmids expressing the wild type thioredoxins may be directly related to the lower levels of proteins present in the cells. Cells expressing Attrx3-GP or Attrx3-PP could tolerate concentrations of H 2 O 2 up to 0.8 mM (not shown), whereas yeast transformed by Attrx2GP or Attrx2PP were unable to grow in the presence of H 2 O 2 at concentrations higher than 0.5 mM, as observed for cells expressing AtTRX2 or no thioredoxin. The concentrations tolerated by cells expressing Attrx3GP or Attrx3PP are slightly lower than those tolerated by cells expressing AtTRX3, the differences being directly related to the lower levels of proteins present in cells.
Growth of cells expressing the mutated Attrx2GP or Attrx2PP proteins on organic sulfur free medium was equivalent to that of cells expressing AtTRX2 (Fig. 8) . Cells expressing AtTRX3 or Attrx3-PP did not grow on medium devoid of organic sulfur source. In contrast, the expression of Attrx3-GP allowed cells to grow on this medium (Fig. 8) . Thus the mutation P33G conferred a gain of function to AtTRX3, enabling this protein to participate in sulfate assimilation.
The complementation spectra of the different hybrid and mutant proteins are summarized in Table IV . DISCUSSION Thioredoxins have a particularly stable three-dimensional structure with a central core of five strands of ␤-sheets enclosed by four ␣-helices and two hydrophobic zones. This stable conformation is conserved among all thioredoxin structures from prokaryotes, mammals, and eukaryotic algae that have been determined so far (1, 17, 20, 21) . However, expression in the yeast double mutant has shown that Arabidopsis thioredoxins h are able to complement only a limited and in part different set of functions than those that are controlled in the wild type by the two redundant endogenous yeast thioredoxins. In other words, both yeast thioredoxins interact with several targets implicated in different independent processes, whereas the cytoplasmic A. thaliana thioredoxins are active only on some of FIG. 6 . Molecular models of AtTRX2 (left) and AtTRX3 (right) thioredoxins using the ribbon representations using the MOLMOL program (28). Side chains of the amino acids composing the active site (WCGPC or WCPPC at the top of the structures) are represented with their covalent bonds. The two amino acids at positions ϩ4 and ϩ8 in the ␣II helix relative to the last Cys of the active site, presumed to be important for thioredoxin specificity, are also represented (Glu and His for AtTRX2; Ala and Ala for AtTRX3; see the text). The N termini are indicated with Nt. The two thioredoxins were modeled using the closest structure to the geometric average of the NMR ensemble of C. reinhardtii thioredoxin h (17) as a template. Only the amino acids aligned with C. reinhardtii thioredoxin h (Fig. 1) are represented. the yeast thioredoxin targets. An explanation for this specificity cannot be found in the conserved global structure of thioredoxins but rather in residues on the protein surface. On the basis of the sequences, a simple hypothesis consisted in suspecting the less conserved N-terminal part of plant thioredoxins ( Fig. 1) to play an important role in the specificity. Thus, we decided to build two chimerical thioredoxins between AtTRX2 and AtTRX3, interchanging the N and C sides of both thioredoxins, by taking the splitting point at the tryptophan, which precedes the first cysteine of the active center.
The construct Attrx2/3 appears to encode a protein that is not able to take a normal conformation in E. coli resulting in insolubility and which is not synthesized or not stable in Saccharomyces. Lopez-Jaramillo et al. (22) reported similar results for hybrid proteins constructed between different types of chloroplastic thioredoxins. In both cases computer modeling indicated that these sequences are compatible with a normal stable thioredoxin folding. Most probably, they are blocked at an intermediate step during the folding process and consequently do not reach the final folding stage.
In contrast, the hybrid protein Attrx3/2 is fully soluble in E. coli and accumulates in Saccharomyces, thus allowing further studies. The first result from the complementation of EMY63 by the Attrx3/2 is that our assumption on the role of the N-terminal part as determinant of the specificity was wrong, A particularity of some plant thioredoxins h is the presence of the atypical site WCPPC. It has been demonstrated that the redox activity of the active center depends on amino acid residues situated between the two cysteines (7). For example, the disulfide isomerase DsbA from E. coli belongs to the thioredoxin family. Its structure is similar to that of thioredoxin (25) , but its active center CPHC is oxidant, whereas that of thioredoxin, CGPC, is reductive (26) . In AtTRX3, the single mutation P33G allows the molecule to support sulfate assimilation, suggesting that the presence of the proline hinders interaction with the protein target(s) implicated in sulfate assimilation. The vicinity of the reactive cysteine 32, which is more hydrophobic and less accessible in WCPPC relative to WCGPC-type thioredoxin, could significantly change the Cys reactivity, its apparent pK a , and possibly the redox potential (7). Nevertheless, the presence of the proline at position 33 in AtTRX2 is not the only characteristic that hinders sulfate assimilation. Indeed, the mutation P33G only allows a slow growth rate on sulfate medium. In addition the G33P mutation in AtTRX2 does not modify its ability to induce sulfate assimilation. Scrutiny of AtTRX2 and AtTRX3 three-dimensional models reveals that the closest differences in the vicinity of the active site are located in the helix II of thioredoxins about 7 to 15 Å away from the reactive sulfur: in AtTRX2, positions ϩ4 and ϩ8 relative to the last cysteine of the active site (WCXPC) are Glu and His. In AtTRX3 these positions are occupied by two alanines (Fig. 6 ). These positions are partially exposed to the solvent and could therefore be involved in the transitory thioredoxin-substrate complexes. Overall, AtTRX3 appears less charged and less hydrophobic, whereas AtTRX2 has the most polar active site neighborhood, which may explain the differences of activity of the mutated active centers.
Presently, the thioredoxin targets responsible for H 2 O 2 tolerance and sulfate assimilation are not definitely established. Nevertheless, peroxiredoxins are likely to be implicated in the thioredoxin-dependent tolerance to H 2 O 2 . The three yeast peroxiredoxins TSA, YDR453C, and YLR109 accumulate at a higher level in H 2 O 2 -treated yeasts (29) , and genetic (30) and biochemical (31) evidence shows that YLR109 is not reduced by glutathione or glutaredoxin whereas TSA and YDR453C are. In addition we have previously isolated a disulfide-bridged complex between AtTRX3 and YLR109 (15) . Thus the hypersensitivity of EMY63, which lacks thioredoxins but still has glutathione and glutaredoxin, is most likely due to the failure to reduce YLR109. The complete absence of growth on sulfate may be due to the absence of reduction of the adenosine 3Ј-phosphate 5Ј-phosphosulfate (PAPS) by PAPS reductase, the sole enzyme of sulfate assimilation that is directly dependent on a disulfide reduction for activity. Nevertheless, in E. coli glutaredoxins and thioredoxins act as electron donors to PAPS reductase (32) . The S. cerevisiae PAPS reductase may be more specifically reduced by thioredoxin, or alternatively, the inability of EMY63 to assimilate sulfate may be an indirect consequence of the redox state of these cells.
From an evolutionary point of view, the clearest result (Table  IV) is that, starting with thioredoxins with restricted activity spectra, we have produced thioredoxins with a larger activity spectrum by two independent methods: Attrx3/2 has full activity for sulfate assimilation and gains some antioxidant activity; Attrx3GP has full antioxidant activity and gains some ability to induce sulfate assimilation. These results are consistent with the hypothesis of a common origin of plant thioredoxins h from a totipotent ancestor. After gene duplications, mutations appeared that masked some determinants necessary for the interaction with particular targets and resulting in a specialization of the plant thioredoxins h.
